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Background: ER-localized mRNAs are anchored to the ER via their functional engagement with

translocon-bound ribosomes.

Results: Ribosome-engaged mRNAs are ER-bound through distinct and mRNA-selective mechanisms.
Conclusion: Multiple ER membrane proteins, including the Sec61 complex, display RNA binding

activity and anchor select mRNAs to the ER.

Significance: These data reveal new functions for the translocation machinery and advance

understanding of RNA localization to the ER.

ABSTRACT:

mRNAs encoding cytosolic and signal
sequence-bearing proteins are translated by
free and endoplasmic reticulum (ER)-bound
ribosomes, respectively. Recent ribosome
footprinting studies have also demonstrated
translation of cytosolic protein-encoding
mRNAs on ER-bound ribosomes, findings that
raise important questions regarding the
mechanism of ribosome and mRNA localization
and association with the ER. Using a semi-
intact HeLa cell model, we performed a
polysome solubilization screen and identified
conditions that biochemically distinguish
polysomes engaged in the translation of distinct
cohorts of mRNAs. RNA-protein UV
photocrosslinking studies revealed numerous
ER integral membrane proteins with RNA
binding activity, consistent with direct RNA
anchoring functions. Quantitative proteomic

analyses of HeLa cytosolic and two classes of
ER-bound polysomes identified translocon
components as selective polysome-interacting
proteins. Notably, the Sec61 complex was
highly enriched in polysomes engaged in the
translation of endomembrane organelle
proteins whereas whereas translocon accessory
proteins such as ribophorin I were present in
all subpopulations of ER-associated polysomes.
Analyses of the protein composition of
oligo(dT)-selected uv photocrosslinked
protein-RNA adducts identified Sec6la,p and
ribophorin I, suggesting roles for the protein
translocation and modification machinery in
mRNA anchoring to the ER. We propose that
multiple mechanisms of mRNA and ribosome
association with ER operate to enable a
transcriptome-wide function for the ER in
cellular protein synthesis.
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All eukaryotic cells localize secretory and
membrane protein-encoding mRNAs to the
endoplasmic reticulum (ER), the entry portal to the
secretory pathway (1-3). ER-directed RNA
localization operates on a remarkably large scale,
where up to 50% of the genome encoding
topogenic signal-bearing proteins (4), and by a
mechanism quite distinct from that established for
more prominent examples of RNA localization
(5,6). In the majority of these latter cases, RNA
localization occurs via motor protein-based
transport of translationally-repressed, “zip code”
element-encoding mRNAs to the cell periphery
(5,6). RNA localization to the ER, in contrast,
utilizes a co-translational mechanism, the signal
recognition particle (SRP) pathway, does not
require motor protein-based transport, and uses
localization information encoded in the nascent
protein rather than the mRNA (3,7,8).

Although SRP pathway function in RNA
localization to the ER is well-established, recent
investigations into the subcellular partitioning of
mRNAs and their translation, as well as the
biochemical basis of their ER association, have
revealed an unexpected complexity in the ER-
associated mRNA transcriptome (9-12). Notably,
the near entirety of the mRNA transcriptome
(including cytosolic and nucleoplasmic-encoding
mRNAs) undergoes translation on ER-bound
ribosomes and ER-associated mRNAs differ in
their requirement for ribosome engagement as the
primary mechanism of their ER association (12-
15). By the latter criterion, one class of mRNAs
has distinguished itself - the mRNAs encoding
resident proteins of the endomembrane organelles.
This mRNA cohort shares a number of molecular
characteristics including translation- and signal
peptide-independent ER localization, ribosome-
independent anchoring to the ER, and a uniquely
high ER enrichment (12,13,15). Importantly, these
findings are not unique to mammalian cells;
translation-independent localization of mRNAs to
the yeast ER as well as the E. coli inner membrane
has also been reported (16-18).

At present, little is known regarding the in
vivo mechanisms of mRNA localization and
anchoring to the ER (11,19). Presumably, direct
mRNA anchoring to the ER membrane would
require RNA binding proteins (RBPs), which are
known to serve diverse functions in RNA

localization, translational regulation and stability
(20,21). Indeed, recent studies have identified
ribosome receptor RRBP1 (p180), a coiled-coil
multi-domain ER resident membrane protein, as a
general ER poly(A) mRNA anchoring protein
(14,22). p180 is multifunctional; as a microtubule
binding protein, it participates in the dynamic
regulation of ER distribution in the cell, it has
been shown to enhance ribosome loading onto
selected mRNAs, and to regulate the stability of
ER-associated mRNAs (23-27). p180 is reported
to bind mRNAs non-specifically, however, and so
the question of how mRNAs undergo selective
association with the ER membrane remains largely
unanswered.

Here we used biochemical, genomic,
optical imaging, and proteomic approaches to
investigate mechanisms of mRNA-ER interaction
in mammalian cells. These studies reveal a
diversity of RNA anchoring processes where
cytosolic- and secretory protein-encoding mRNAs
display similar anchoring mechanisms and RNA
binding protein compositions, and which are
distinct from those utilized by endomembrane
protein-encoding mRNAs. Intriguingly, proteomic
analysis of native and photocrosslinked ER-bound
mRNAs identified components of the protein
translocation machinery as ER-mRNA anchoring
proteins and suggests multifunctional roles for
these proteins in the selective localization and
anchoring of mRNAs to the ER.

Experimental Procedures:

Cell culture and  sequential detergent
fractionation. HeLa cells were maintained at 37°C,
5% CO; in Dulbecco’s modified Eagle’s medium
(DMEM; Mediatech) supplemented with 10%
fetal bovine serum (FBS; Gibco). For detergent
fractionations, cell cultures (75-90% confluence)
were incubated on ice for 20min in PBS/MgCl,,
50ug/ml cycloheximide (CHX) (Sigma), to
depolymerize the microtubule network (4°C) and
stabilize polyribosomes (CHX). Cytosol fractions
were obtained by treating cell monolayers with a
plasma membrane permeabilization  buffer
(110mM KCl, 25mM K-HEPES at pH 7.4, ImM
MgCl,, 0.015% digitonin (Calbiochem), 0.1mM
EGTA, 40U/ml RNAseOUT (Invitrogen), 1mM
DTT). The cytosol fraction was recovered, the
cells rinsed in a buffer of identical composition
containing 0.004% digitonin, and the two fractions
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combined. Subfractionation of the endoplasmic
reticulum was performed by first treating the
digitonin-extracted cell cultures with the indicated
detergents at 10-fold critical micelle concentration,
in a buffer consisting of 500mM Tris-HCI, pH 7.0,
ImM MgCl,, 40U/ml RNAseOUT and 2mM DTT,
and subsequently extracting the cells in 2%
dodecylmaltoside (DDM), 200mM KCl, 25mM K-
HEPES at pH 7.4, 10mM MgCl,, 40 U/ml
RNAseOUT and 2 mM DTT (28-30).
Polyribosome profiling and negative staining
electron microscopy. Polyribosomes from the
different subcellular fractions, prepared as
described above, were resolved on 15-50%
sucrose gradients and fractioned wusing a
Teledyne/Isco gradient fractionator, as described
previously (29,30). To assess polysome translation
status, cell cultures were supplemented with
150pCi/ml of [*S]Met/Cys for 10 min in the
presence  or absence of cycloheximide,
fractionated as above, and fractions resolved by
sucrose gradient centrifugation. Radiolabeled
proteins were recovered by trichloroacetic acid
(TCA) (10% v:v) precipitation onto filter paper
squares, boiled in 10% TCA, rinsed in cold 10%
TCA, acetone-extracted, dried, and radioactivity
measured by scintillation counting. Negative
staining electron microscopy of the various
polysome fractions was performed as described in
31).

RNA extraction and quantitative RT-PCR. Total
Samples were supplemented with Alien RNA
(Life Techologies) and total RNA extracted by
acid guanidinium thiocyanate-phenol-chloroform
extraction (32). Cell-equivalent quantities of total
RNA were used to prepare cDNA using M-MLV
reverse transcriptase (Promega) and random
hexamer primers (Roche). Quantitative RT-PCR
was performed on a 7900HT Sequence Detection
System (Applied Biosystems) using Power
SYBR® green PCR mastermix (Applied
Biosystems) and the following primers:

GRPY4:

F: CTGGAAATGAGGAACTAACAGTCA;

R: TCTTCTCTGGTCATTCCTACACC

HSPAS (BiP):

F: CAACCAACTGTTACAATCAAGGTC;

R: CAAAGGTGACTTCAATCTGTGG

CALR:

F: CGCTGCCGGAGGGTCGTTTT;

R: GGGAAGTCCACCCGTCTCCGT,

B2M:

F: TTCTGGCCTGGAGGCTATC;

R: TCAGGAAATTTGACTTTCCATTC

THPO:

F: TGCTGTGGACTTTAGCTTGG;

R: CTGCTCCCAGAATGTCCTGT

VEGFA:

F: CCTTGCTGCTCTACCTCCAC,;

R: CCACTTCGTGATGATTCTGC

18S rRNA:

F: CACGGGAAACCTCACCCGGC;

R: CGGGTGGCTGAACGCCACTT.

The data were analyzed by the ddCt method using
the Alien RNA as a normalizer. Except for 18S
rRNA, all primers were designed to be intron-
spanning using the Primer3-based ProbeFinder
software (Roche).

Oligonucleotide microarray and data analysis
RNA integrity was was first determined with the
Agilent Bioanalyzer (Agilent Technologies); all
samples analyzed had RIN values > 9. Total RNA
was processed for oligonucleotide microarray
analysis using a  Whole Transcriptome
amplification kit (Agilent Technologies) and
cDNAs were hybridized to GeneChip Human
Gene 1.0 ST Arrays (Affymetrix). Microarray data
were processed using the Genomics Suite™
software (Partek Inc.) package and log,-
transformed intensity values exported after
background correction by GC-RMA, probe
summarization by Tukey’s biweight median
method, and no normalization. The minimum
intensity cut-off value was set at the lower quartile
of the dataset and the intensity values for genes
represented by multiple probe sets were averaged.
Gene categorization. Genes were categorized into
cytosolic/nuclear (cytosolic, nucleoplasmic and
mitochondrial proteins), endomembrane-resident
(ER, lysosome, Golgi, endosomal or nuclear
envelope  membrane-resident) or  secretory
pathway cargo (secretory and membrane proteins)
based on the subcellular location GO categories
assigned by Uniprot. The assignments were then
manually verified using the following sequence
features: signal peptide (predicted by SignalP),
transmembrane domain (predicted by TMHMM)
and mitochondrial transit peptide (predicted using
TargetP) and entries with ambiguous assignments
were removed from further analyses. Membrane
proteins with a C-terminal anchor were removed
from both endomembrane resident and cargo
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categories since their targeting to the ER is post-
translational.

Protein, mRNA, lipid imaging. Immunoblot
analyses were performed as previously described
(28-30). Single molecule mRNA imaging was
performed with Stellaris FISH probes (Cell Search
Technologies) as per manufacturer’s protocols. ER
membrane integrity was imaged with ER tracker
blue-white DPX (Invitrogen). Ceramide imaging
was performed using BODIPY FL C5-ceramide
(Invitrogen), as per manufacturer’s instructions.
Fluorescence imaging and analysis. All imaging
was performed on a Deltavision Elite
deconvolution microscope (Applied Precision)
equipped with 100x NA 1.4 oil immersion
objective (UPlanSApo 100XO; Olympus) and a
high-resolution CCD camera (CoolSNAP HQ2;
Photometrics). Images were acquired as Z-stacks
at 0.2um intervals, at identical exposure settings
across all samples for a given imaged protein,
RNA, or lipid. Image data were deconvolved using
the SoftWoRx program (Applied Precision) and
processed on ImageJ/FIJI and Adobe Photoshop
(Adobe Systems) to render maximum intensity
projections, merge channels and pseudocolor
images. Adjustments in image brightness/contrast
were limited to linear changes and were applied
uniformly across all images in a given experiment.
The number of RNA molecules per cell was
measured using the spot-counting module of the
Imaris 7.3 software (Bitplane) with automated
thresholding. The mean number of RNA spots/cell
was calculated for 10-45 cells in each sample and
plotted using GraphPad Prism, with error bars
representing standard error of mean. The final
figures were assembled on Adobe Illustrator v.
15.1.0 (Adobe Systems).

RNA Crosslinking to Endoplasmic Reticulum
Membrane Proteins. Canine rough microsomes
(RM) were irradiated with 264nm UV light
(Stratagene Stratalinker) for 30 min on ice,
nuclease digested and the RNA [**P]-labeled, as
per below, following purification of the membrane
protein fraction by either alkali extraction or
Triton X-114 cloud point partitioning (33,34).
RNA-dependent T4 RNA Ligase Labeling of UV-
Irradiated RM. RM-associated RNAs were
digested with mung bean nuclease at a final
concentration of 1U/ug RNA and incubated at
30°C for 1 hr. RM were collected by
ultracentrifugation and the RM pellet resuspended

in lysis buffer. For T4 RNA ligase reaction, the
RM fractions were adjusted to a final
concentration of 50 mM Tris-HCL, pH 7.5, 10mM
MgCl,, ImM DTT, 15% DMSO, 1mM ATP, 80
uCi [5'-*P] cytidine 3',5-bis(phosphate),1 U/ul
T4 RNA ligase (New England Biolabs) and
incubation at 4°C. The lysate was collected, TCA
precipitated, and analyzed by SDS-PAGE and
phosphorimaging.

Proteomic analysis of HeLa polysomes. HeL a cell
cultures were fractionated as described above and
polyribosomes from the cytosol, Brij-sensitive ER,
and Brij-resistant ER fractions were purified by
sucrose density gradient centrifugation. The
polyribosome fractions were concentrated by
ultracentrifugation and 30 ug of each sample was
concentration-normalized to approximately 0.1
ug/uL with 50 mM ammonium bicarbonate
(AmBic), and then supplemented with Rapigest SF
surfactant (Waters) to a final concentration of
0.1% w/v. Cysteine reduction (10 mM DTT),
alkylation (20mM iodoacetamide) and trypsin
digestion was then performed. After digestion, all
samples were spiked with 33 fmol ADH1 YEAST
digest (Massprep standard, Waters Corporation)
per microgram total protein as a surrogate
standard, acidified to 1% TFA and heated to 60°C
for 2 hours to hydrolyze Rapigest surfactant.
Finally, the samples were taken to dryness in a
SpeedVac (Eppendorf) and resuspended in 100
mM ammonium formate (pH 10) at a
concentration of 1.0 ug/uL prior to analysis.

Quantitative two-dimensional liquid
chromatography — tandem mass spectrometry
(LC/LC-MS/MS) was performed on 3 pg of
protein digest per sample, and each sample was
analyzed twice, once in ion-mobility MS mode
(HDMS") for simultaneous qualitative/quantitative
analysis, and once by data-dependent acquisition
(DDA) mode for supplementary peptide
identifications (35-37). Following all analyses,
data was imported into Rosetta Elucidator v3.3
(Rosetta Biosoftware, Inc), and all LC/LC-MS
runs were aligned based on the accurate mass and
retention time of detected ions (“features”) using
the PeakTeller algorithm (Elucidator). The peptide
abundance was calculated based on area-under-
the-curve (AUC) of aligned features across all
runs. The MS/MS data was searched against a
SwissProt database with human taxonomy, which
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also contained a reversed-sequence “decoy”
database for false positive rate determination.
Database searching for HDMS® data was
performed in PLGS v2.5, and for DDA data using
Mascot v2.2. Database searches were combined
within the Elucidator software package and
aggregate scoring was performed using the
PeptideProphet algorithm. The data was annotated
at a PeptideProphet score of 0.73, resulting in a
0.7% peptide false discovery rate (38,39). To
allow relative mol composition comparisons for
the different components making up the
polyribosome fractions, we used the “Best Flier”
method of Silva et al. with minor modifications as
previously described (40-42).

Proteomic analysis of canine rough microsome-
associated mRNPs. Canine pancreas rough
microsomes were detergent solubilized and the
polysome fraction obtained by sucrose gradient
velocity sedimentation. Polysome fractions were
pooled and concentrated by ultracentrifugation.
Polysome pellets were then gently resuspended
and a binding control fraction prepared by
digestion of one half of the sample with
staphylococcal nuclease. Following addition of 15
mm EDTA to all samples, to dissociate the
ribosomal subunits and release mRNPs, poly(A)
mRNPs were selected on oligo-dT7 resin (GE
Healthcare). Following extensive washing in
EDTA-supplemented buffers, poly(A)mRNA-
associated proteins were released by addition of 10
mM  AmBic, 15% dimthylformamide. Eluted
proteins were concentrated by TCA precipitation,
separated on Bis/Tris gradient gels (Invitrogen),
and in-gel digestion performed as described in
(43). Approximately %2 of each digest (5 uL) was
fractionated on a C18 column (Waters) using a
gradient of 5 to 40% acetonitrile with 0.1% formic
acid, on a nanoAcquity liquid chromatograph
(Waters). Electrospray ionization was used to
introduce the sample in real-time to a Q-Tof
Synapt G1 mass spectrometer (Waters), collecting
data for each sample in DDA mode. Raw data was
processed in Mascot Distiller (v2.3) and searched
in Mascot v2.2 (Matrix Science) against the
NCBInr database with mammalian taxonomy.
Scaffold (v3.6.2, Proteome Software Inc.) was
used to validate MS/MS based peptide and protein
identifications. Measured peptide and protein level
false-discovery rate (FDR) were both determined
to be 0.0% using the target-decoy strategy.

For photocrosslinking studies, RM were UV
irradiated in a Stratalinker 24000 at 0.8 J/cm® for
four cycles on ice. Samples were adjusted to a
final concentration of 0.5M KOAc, 15 mM EDTA,
50U/ml RNaseOUT, protease inhibitor cocktail
and incubated for 30 min on ice. KOAc/EDTA-
washed RM were collected by ultracentrifugation
and resuspended in a oligo(dT) resin equilibrium
buffer (0.5% LiDS, 0.5M LiCl, 10mM Tris-HCI,
pH 7.2, 5 mM DTT, 15 mM EDTA), heated to
65°C for 5 min and cooled on ice. The solubilized
RM suspension was then centrifuged, to remove
detergent-insoluble materials and the supernatant
was chromatographed on oligo-dT7 resin (GE
Healthcare). Unbound material was removed by
extensive washing in oligo(dT) resin equilibrium
buffer and the RNA-associated RBPs subsequently
eluted by addition of a buffer consisting of 10 mM
Tris-HCI, pH 7.2, 1 mM EDTA, 0.1 % Triton X-
110 with 1:50 (v/v) RNase A/T1 Mix (Thermo
Scientific) at RT for 30 min. Eluted proteins were
concentrated by TCA precipitation and their
composition assessed by immunoblot.

Results:

Divergent modes of ribosome-mRNA association
with the ER membrane. In cell-free
translation/translocation systems, mRNAs are co-
translationally localized to the ER and anchored
indirectly, via ribosome binding to the protein-
conducting channel (3,8,44). In contrast, analyses
of in situ mRNA-ER interactions, conducted with
rough microsomes (RM), have demonstrated that
ER-associated mRNAs can be binned into two
broad classes — those that are bound via ribosome-
dependent (indirect) and those that undergo
ribosome-independent (direct) ER-mRNA
anchoring  (Fig.1A)  (13,15,45-47).  These
differences are significant because they suggest
that mRNA localization and anchoring to the ER is
selective, regulated, and so may contribute
significantly to gene expression.

To better understand mechanisms of ER-
mRNA association, we developed methods to
study mRNA-ER interactions in semi-intact cells,
whose ER morphology and function more closely
approximate the in vivo scenario and where
cytosolic and ER-associated mRNAs can be
reliably separated (48). Our experimental approach
is schematically illustrated in Fig. 1A. First, tissue
culture cells are permeabilized with a digitonin-
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supplemented cytosol buffer to permeabilize the
plasma membrane and release the cytoplasmic
mRNA pool (28,49). The digitonin-permeabilized
(semi-intact) cells are then treated with salts,
chelating agents and/or detergents and mRNA-ER
interactions assessed by examining the mRNA
composition of the released and ER-associated
fractions (13,15,45-47). Using HeLa cells as a
model, we first examined the ER association
properties of two mRNAs - P2-microglobulin
(B2M), a secretory protein, and GRP94, a resident
protein of the ER lumen, as previous studies with
RM had identified these mRNAs as undergoing
either ribosome-dependent (B2M) or ribosome-
independent (GRP94) membrane association
(13,15). In contrast to prior findings with RM, in
semi-intact HeLa cells B2M transcripts remained
wholly membrane-bound under conditions (high
salt extraction) that yielded their efficient release
from RM (Fig. 1B). The reason for these
differences is not yet known, though it has been
suggested that differences in endogenous nuclease
activity, tissue source, and buffer composition
used during RM isolation can significantly
influence the biochemical properties of RM-
associated mRNAs (46,50,51).

Because ER morphology and polysome
structure in semi-intact cells more closely
approximates the in vivo scenario then that of RM,
where  polysome structure is  frequently
compromised, we postulated that mRNA-ER
interactions in semi-intact cells would be more
stable to biochemical extraction. We thus screened
detergent/salt admixtures for their ability to
solubilize mRNAs from digitonin-permeabilized
HeLa cells. Intriguingly, we found that extraction
with Brij35/Tris or Brij58/Tris detergent/salt
admixtures  revealed  divergent  membrane
association properties for B2M and GRP94
mRNAs, where B2ZM mRNAs were efficiently
solubilized and GRP94 mRNAs were refractory to
solubilization (Fig.1B). By varying the detergent
component in the screen, we found that selective
mRNA release correlated with detergent
hydrophile-lipophile balance (HLB), with high
HLB detergents, e.g., Brij35 (HLB = 17.0),
yielding selective mRNA release and low HLB
detergents such as Triton X-100 (HLB = 13.6) or
the bile salt derivative CHAPSO efficiently
solubilizing both B2M and GRP94 mRNAs.
Importantly, the combination of high salt (0.5M

Tris) and Brij detergent was synergistic; neither
0.5M Tris nor Brij detergent alone was sufficient
for selective mRNA release (Fig. 1B). These
findings were not unique to the B2M- and GRP94-
encoding mRNAs; mRNAs encoding the secretory
proteins  P2-microglobulin  (B2M), vascular
endothelial growth factor A (VEGFA) and
thrombopoietin  (THPO)  were  efficiently
solubilized in Tris/Brij35 buffers whereas mRNAs
encoding the ER resident proteins GRP94, BiP and
calreticulin (CALR) were refractory to Tris/Brij35
solubilization (Fig. 1C), suggesting that mRNAs
undergo cohort-specific binding interactions with
the ER.

Although we assayed mRNA release in
the salt/detergent screen above, the mRNAs are
ER-bound as polysomes and so the divergent
solubilization behaviors could simply arise from
differences in nascent polypeptide chains (e.g.,
signal sequence functionality, interactions with the
protein translocation machinery), differences in
ribosome loading and/or open reading frame size,
and/or mRNA-specific binding interactions with
components of the ER membrane, any or all of
which could alter binding interactions and/or
avidity. However, by accepted criteria (mean
length, hydrophobicity score), the signal peptides
of the two cohorts of mRNAs were quite similar
(Table 1). In addition, comparisons of open
reading frame and overall transcript length did not
distinguish the two; THPO (36 kDa), for example,
is encoded by an 1805 bp mRNA whereas CALR
(48 kDa) is encoded by a 1929 bp mRNA, yet the
two mRNAs display divergent modes of
membrane association (Table 1). To address
possible differences in translation/ribosome
loading, we examined the translational status of
the polysomes recovered in the Brij-sensitive
(BrS) and Brij-resistant (BrR) fractions. When
analyzed by  sucrose  density  gradient
centrifugation, the polysome profiles of the two
fractions were quite similar (Fig. 1D), a
conclusion that we confirmed by examining the
EDTA sensitivity of the ribosome profiles and by
rotary shadowing electron microscopy imaging of
the polysome fractions (Fig.1D,H,I) (52). In
addition, both polysome pools were translationally
active; analysis of gradient fractions obtained from
[3SS]Met/Cys-labeled cells demonstrated a high
degree of overlap in the ribosome and [*S]
nascent polypeptide chain profiles (Fig. 1E). These
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findings were further validated in experiments
where cycloheximide was added prior to the
addition of radiolabeled amino acids. Under these
conditions, [*°S] incorporation was reduced by >
95%, with the remaining fraction likely
representing ribosome-associated [3SS]Met/Cys]
aminoacyl tRNAs. Lastly, the B2M (ca. 350 bp)
and GRP94 (ca. 2300 bp) mRNAs were enriched
in the polysome fractions in the absence, but not
the presence of EDTA (Fig. 1F,G). Combined,
these data are consistent with the view that
polysomes are bound to the ER by multiple
mechanisms and  suggest that for the
endomembrane resident mRNAs, the mRNA itself
contributes to the binding interactions. Of
particular interest, prior studies have demonstrated
that native ribosome-Sec61 interactions are quite
salt resistant, with only partial disruption reported
at salt concentrations as high as 1.2M (53). It
would appear, then, that the polysomes recovered
in the BrS fraction are either bound to sites other
then Sec61 and/or are bound to Sec61 in a manner
distinct from the salt-resistant Sec61 binding
behavior of the BrR polysomes.

ER-Associated mRNAs Are Partitioned Between
Detergent-Induced  Sphingolipid-Rich and
Spingolipid-Poor ER Membrane Domains. That
ER-associated mRNAs displayed distinct Brij
solubilization profiles was of interest, as Brij
detergents are well known to display selective
membrane solubilization behavior, where they
efficiently solubilize glycerophospholipids but are
ineffective in solubilizing sphingolipids and
subsets of integral membrane proteins (54,55).
Although these findings have been interpreted as
evidence for membrane microdomains, in the
context of this study we considered that Brij
detergents could serve as useful biochemical tools
for identifying candidate ribosome and/or mRNA
interacting proteins in the BrS and BrR fractions.

As a means of validating this approach,
we examined ER-associated mRNAs and ER
membrane structure in HeLa cells fractionated by
the three-detergent sequence noted above. In these
experiments, mRNAs were individually imaged by
single molecule RNA fluorescence in situ
hybridization (smRNA-FISH)(56), and ER
membrane components by ER selective membrane
and protein reagents.

Representative  micrographs  depicting
B2M and GRP94 mRNA distributions through the
sequential detergent extraction protocol are shown
in Fig.2A, with quantification data included as
insets. Similar to the data reported in Fig.1B,
extraction of digitonin-permeabilized HeLa cells
with the Brij/Tris buffer resulted in the release of
ca. 75% of ER-associated B2M mRNAs but only
ca. 10% of GRP94 mRNAs. Following extraction
with dodecylmaltoside (DDM), GRP94 mRNAs
and the remaining small fraction of Brij35-
resistant B2M mRNAs were released. These data
demonstrate, by an orthogonal approach, mRNA-
selective modes of polysome association with the
ER.

To assess the effects of sequential
detergent extraction on ER membrane structure,
we first visualized the ER network with ER
Tracker Blue-White DPX (Fig.2B). Here, the ER
Tracker Blue-White DPX staining patterns of
intact and digitonin-treated cells were nearly
identical, although overall intensities were
diminished following digitonin treatment. We
attribute the decrease in fluorescence intensity to a
partial redistribution of ER-bound probe into the
detergent-supplemented  buffers.  Subsequent
treatment with Tris/Brij35 resulted in the complete
loss of ER Tracker Blue-White DPX staining,
indicative of a loss of ER membrane integrity.
This conclusion was further supported by
immunostaining for the ER lumenal protein
GRP94, which was distributed throughout the ER
of unfractionated and digitonin-treated cells and
absent following Tris/Brij35 extraction (Fig.2C).
Given the lipid selectivity of Brij detergents, we
also examined HeLa ER sphingolipid distributions
in experiments where Hela cells were
biosynthetically labeled with BODIPY FL CS5-
ceramide and subsequently fractionated (Fig.2D).
BODIPY FL C5-ceramide undergoes
concentration-dependent excimer formation that
serves as a convenient marker of subcellular (e.g.
Golgi) ceramide enrichment (57,58). Following
short (5-min) labeling periods, the ER displayed
diffuse BODIPY-ceramide fluorescence (green)
with a perinuclear Golgi enrichment (red) (57,58)
(Fig.2B). This staining pattern was enhanced
following digitonin treatment, and BODIPY-
ceramide excimer clusters were prominent in the
Golgi (Fig.2D). Following Tris/Brij35 extraction
however, BODIPY-ceramide distributions were
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dramatically altered, with Golgi structures no
longer discernible and the BODIPY-ceramide
present throughout the ER (green channel) and as
numerous  sphingolipid-dense  clusters  (red
channel) (Fig.2D). Subsequent extraction with
DDM yielded a near complete loss of BODIPY-
ceramide staining. These data provide a clear
illustration of the lipid selectivity of Brij35
extraction (54), and allowed us to determine if
GRP94 mRNAs were enriched in the Brij-induced
ceramide clusters. Co-localization studies were
thus performed where GRP94 smRNA FISH was
performed on BODIPY-ceramide labeled Hela
cells (Fig.2E). As depicted, GRP94 mRNAs were
largely if not entirely resolved from the ceramide
clusters, though retained in the ceramide-rich ER
remaining after Brij extraction. Combined with the
data presented in Fig. 1, these data support the
view that divergent binding interactions contribute
to the phenomenon of ER-mRNA interactions.

Divergent Modes of ER-mRNA Association Are
Characteristic of the ER-mRNA Transcriptome.
To determine if the differing modes of mRNA-ER
interaction described above reflected an mRNA
transcriptome-wide  organization of mRNA
anchoring to the ER, we next determined the
mRNA compositions of the BrS and BrR fractions
by oligonucleotide microarray (Fig.3, Table S1). A
histogram depicting mRNA enrichment in the BrR
fraction is shown in Fig.3A and, interestingly,
details a tailed, non-normal distribution. By fitting
a two-component mixture model to these data
(Fig.3B) we identified a major population of
mRNAs with a median BrR distribution of 0.38
and a second, smaller population of mRNAs with
a highly significant enrichment in the BrR fraction
(median = 0.65). The mRNA distribution data
determined by  oligonucleotide  microarray
revealed that endomembrane resident protein-
encoding transcripts were highly enriched in the
BrR fraction. We thus analyzed the dataset in a
three-category model where ER-associated
mRNAs were sorted as either cytosolic (mMRNA.y,),
secretory pathway cargo (mRNAg), or
endomembrane resident (mRNAy,). Histograms
depicting the fractional BrR enrichment for each
category were plotted as a function of normalized
gene count (Fig.3C). mRNA., were the most
numerous (n=6687) and displayed the lowest BrR
enrichment values (median=0.32). mRNA .0

(n=2931) displayed a median BrR enrichment of
0.44 and mRNA.4 (n=734), a median BrR
enrichment of 0.59. These differences are further
illustrated in a cumulative gene density plot
(Fig.3D), where the qRT-PCR determined BrR
partitioning values for the genes examined in
Fig.1C are also indicated, and demonstrate both
the divergent membrane association properties of
the ER-associated transcripts as well as a strong
correlation between the mRNA partitioning values
determined by oligonucleotide microarray and
qRT-PCR (solid circles). Statistical analysis of
these data by the Kolmogorov-Smirnov (K-S) test
indicated that the differences in the BrR
distributions of the three gene categories were
highly significant (p < 10™'%; Table 2).

In further analyses, organelle-specific
subcategories of mRNA,4, were defined and their
cumulative density distributions in the BrR
fraction plotted (Fig.3E). Unexpectedly, an
organelle-specific grouping revealed that mRNAs
encoding lysosomal resident proteins were
remarkably BrR-enriched and distinct from the
ER- and Golgi-resident protein mRNAs, perhaps
suggestive of a function for the ER in ‘pre-
lysosomal’ biogenesis, as has been reported for

pre-peroxisome biogenesis (59) (Fig.3E; Table S1).

In the secretory pathway cargo cohort, we also
compared the distribution of mRNAs encoding
plasma membrane (Cargo-Mem) and secreted
proteins (Cargo-Sec). Neither class of mRNAs
deviated significantly from the total cargo
population (Cargo), indicating that encoded
topogenic  signals  (e.g., signal peptide,
transmembrane domain) are not primary
determinants of mRNA partitioning to the BrS or
BrR fractions (Fig.3F). In addition, for those genes
encoding signal sequences, there was no
correlation between the calculated signal peptide
hydrophobicity and mRNA enrichment in the BrR
fraction (Fig.3G).

We also determined whether open reading
frame length or ribosome loading, both of which
could contribute to the avidity of mRNA/polysome
association with the ER, correlated with mRNA
partitioning to the BrR fraction. As shown in
Figs.3H,I neither mRNA length nor ribosome
loading density (number of ribosomes/mRNA)
((12)) correlated with the ER membrane
association properties of the mRNA. In contrast,
when mRNA enrichment in the BrR fraction was
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plotted as a function of the fractional distribution
to the ER (determined in (12), a strong correlation
was observed (Fig.3J), i.e. mRNAs displaying the
strongest localization to the ER also display the
highest anchoring to the BrR-ER and vice versa.
These data highlight the distinctive molecular
signature of the endomembrane resident protein-
encoding mRNAs and raise the important question
of their mechanism of association with the ER
membrane (12,13,15).

Identification of RNA-Binding ER Membrane
Proteins. Past and recent studies have provided
evidence for the direct (ribosome-independent)
association of endomembrane mRNAs to the ER
(10,12-16). Given the detergent solubilization
properties of the endomembrane mRNAs reported
above, we considered that this mRNA cohort
might directly bind to resident integral membrane
RNA binding proteins (RBPs), though it is equally
plausible that mRNA anchoring could occur via
binding interactions between soluble RBPs and
cognate ER RBP binding proteins. To date, no
resident ER integral membrane proteins containing
canonical RNA binding domains have been
identified. Recent proteomic screens have revealed,
however, a surprising diversity of proteins with
RNA binding activity, many of which lack known
RNA binding domains and/or whose RNA binding
activity remains to be characterized (60-63).
Consistent with these findings, mRNA binding
activity has been proposed for one resident ER
membrane protein, p180 (RRBP1)(14).

As a relatively unbiased approach to the
question of indirect or direct RNA anchoring to
the ER, we screened for integral ER RNA binding
proteins by UV-crosslinking, a ‘zero-length’
protein-nucleic acid crosslinking method (60,64).
To focus the analysis on ER integral membrane
proteins, experiments were performed with canine
pancreas rough microsomes (RM), a highly
enriched ER membrane preparation that is
virtually devoid of other contaminating organelle
membranes (65). The experimental protocol used
is illustrated in Fig.4A. Here, RM were UV-
irradiated to generate protein-RNA crosslinks,
peripheral proteins released by salt/EDTA or mild
alkali extraction (34), and the ‘stripped” RM
collected by ultracentrifugation. The irradiated,
stripped RM were then digested with mung bean
nuclease to generate protein-RNA adducts bearing

free 3° OH groups, which were then selectively
labeled using T4 RNA ligase/[*’P] cytidine 3’-
5’bisphosphate  (66). In contrast to alkaline
extraction, which releases both peripheral and
lumenal proteins, the salttEDTA washed RM
contain substantial quantities of lumenal proteins
and so were subjected to multiple rounds of Triton
X-114 partitioning to isolate the ER integral
membrane protein fraction (33,67). Shown in
Fig.4B are Coomassie Blue-stained SDS-PAGE
gels of the two ER membrane protein fractions
(alkali-extracted and TX-114 selected), where gels
were loaded as either membrane equivalents, to
illustrate the high relative abundance of ribosomal
and lumenal vs. integral membrane proteins, or
protein equivalents, to more clearly reveal the ER
integral membrane protein proteome.
Immunoblots for the lumenal proteins GRP94 and
BiP and the membrane proteins ribophorin I,
Sec6lo. and TRAPa demonstrate that the two
procedures effectively separate soluble and
integral membrane proteins (Fig.4C). Importantly,
these data demonstrate that the integral membrane
protein fractions (DP for the TX-114 extraction
and P for the alkali extraction) lack “false
positives”; the soluble proteins BiP and GRP94
were entirely absent from the integral membrane
protein fractions.

The results of the [*’P] pCp/T4 RNA
ligase labeling experiments are depicted in Fig.4D
and demonstrate that the labeling reaction was
strictly T4 RNA ligase-dependent (Fig.4D, lane 1
vs. lane 2) and yielded numerous radiolabeled
protein-RNA adducts of apparent molecular
weights ranging from 15 kDa to 70 kDa in the ER
integral membrane protein fractions obtained via
Triton X-114 partitioning (DP) or alkali-extraction
(Alkali) (Fig.4D, lanes 3.4, respectively). These
data demonstrate that numerous ER membrane
proteins display direct RNA binding activity.
Because this protocol for detecting RNA binding
activity does not distinguish between mRNA,
rRNA, tRNA, and/or non-translated RNAs,
complementary approaches were developed to
identify the ER membrane proteins functioning in
mRNA anchoring (68-70).

Proteomic Analyses of Cytosolic and ER-Bound
Polysomes Identifies Candidate ER-mRNA
Anchoring Proteins. The molecular characteristics
of the endomembrane protein-encoding mRNAs
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described above and in past studies (12,13,15),
suggested a number of strategies for the
identification of 1 ER integral membrane RNA
anchoring proteins and three such strategies were
used here. In one approach, we determined the Brij
solubilization properties of a panel of HeLa ER
resident membrane proteins previously reported to
function as ribosome-binding proteins and/or
identified in a recent comprehensive ‘mRNA-
interactome’ screen in HelLa cells, as a means to
identify candidate RNA anchoring proteins in the
BrR fraction (Fig.5A) (60). Intriguingly, the ER
membrane proteins examined displayed highly
divergent Brij solubilization profiles. For example,
Irela, an unfolded protein sensor and mRNA
endonuclease (71), SRa, the SRP-interacting
subunit of the SRP receptor (72), and reticulons 4b
and 4c, which confer tubular ER membrane
structure (73,74), were highly enriched in the BrS
fraction. SRa and reticulon 4a, the high molecular
weight isoform of reticulons 4b and 4c, were
recently identified as members of the HeLa
mRNA interactome (Castello et al, 2012), and thus
might contribute to mRNA-ER interactions in the
BrS, but not BrR, fractions. The ribosome receptor
pl80 (RRBP1) was detected as two isoforms: a
180kDa form (pl180) with reported ribosome
receptor and microtubule binding activity (25,75)
and more recently as a candidate general ER
poly(A)-mRNA binding protein (14); and a 130
kDa form (ES130) which lacks the ribosome-
binding decapeptide repeat motif but retains the
coiled-coil microtubule binding domain (76). The
two isoforms encode a common transmembrane
domain yet their Brij35 solubilization profiles
were strikingly different, with ES130 partitioning
to the BrS ER and pl180 to the BrR ER. Both
isoforms contain the lysine-rich domain recently
proposed to function in mRNA binding, which,
although consistent with a role in general poly(A)
mRNA anchoring to the ER, would be inconsistent
with a selective endomembrane mRNA anchoring
function. p180/ES130 was not, however, identified
as either a validated or candidate RBP in the HeLa
mRNA interactome (60). Consistent with these
findings, shRNA-mediated stable knockdown of
pl80/ES130 in HeLa cells did not alter ER-
associated calreticulin mRNA levels, though a
small shift in calreticulin mRNA partitioning
between the BrS- and BrR-ER membrane domains
was observed (data not shown). The lack of a
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discernible effect of p180 knockdown on ER-
mRNA binding may reflect redundancies in
anchoring mechanisms and/or cell type-specific
functions of p180 and is under further study.

Ribophorin I (RPN1), a subunit of the
oligosaccharyltransferase complex, and TRAPa
(SSR1) reside in close physical proximity to ER-
bound ribosomes (77-79). Ribophorin 1 was
recently identified as a HeLa RBP and TRAPa a
candidate HeLa RBP; both proteins were
distributed between the BrS and BrR fractions,
enriched in the BrR fraction, and so were scored as
candidate ER-mRNA anchoring proteins (60).
Sec6la, the primary ER ribosome receptor and
protein conducting channel component (80,81)
was highly enriched in the BrR fraction (Fig.5B).
Similar to TRAPa, Sec6la was identified as a
candidate HeL.a RBP (60). Interestingly, Sec61f, a
subunit of the Sec61 complex, was also identified
as a HeLa RBP (60), suggestive of a candidate
mRNA anchor function for the Sec61 complex.
Intriguingly, all three proteins are members of
hetero-oligomeric complexes and have established
functions in post-translational protein modification,
protein translocation, and/or ribosome binding, yet
do not encode canonical RNA binding motifs
(68,78,79,81,82). Emerin, an inner nuclear
envelope protein integral membrane protein, was
included as an additional control and was
recovered uniquely in the BrR fraction.

In a parallel series of experiments, we
performed a quantitative ‘polysome-interactome’
screen for proteins that associate with cytosolic,
BrS-, and/or BrR-derived polysomes. Here,
triplicate independent cell fractionation
experiments were performed where polysomes
from the cytosol, BrS and BrR fractions were
purified using sucrose density gradient and their
protein compositions analyzed by quantitative 2D-
LC/MS/MS  (Fig.5C-F, Table S2). In this
experiment, we sought to selectively capture
biochemically stable (e.g., resistant to high salt-,
EDTA-, and/or Brij35 solubilization) mRNA-
protein  interactions  characteristic = of the
endomembrane protein mRNAs (13,15). A
modification of the absolute quantification 2D
LC/MS/MS methods developed by Silva and
Geromanos was used for protein quantification
(40,41,83). In this method, samples are spiked
with  protein  standards, with the mass
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spectrometric signal response from the trypsin-
generated, protein standard-derived peptides
providing a signal response factor (counts/mol
protein) that is then used to determine the
concentrations of identified proteins.

The primary features of this data set are
summarized in Fig.5C-E, with the complete data
set included in Table S2. The MS analysis yielded
the identification of 283 proteins identified at high
confidence (> 2 peptides), with 3433 peptides
providing spectral data for identification and
quantification. The quantitative data represented in
Fig. 5C are limited to those proteins which were
identified and quantified in at least two of the
three independent biological replicates. This
additional selection reduced the number of
proteins analyzed to 238. Polysome protein
compositions of the three fractions were quite
similar for the high abundance proteins comprised
predominately of ribosomal proteins, but show
significant compositional divergence for the
lower-abundance proteins that include RBPs and
ER membrane proteins. A hierarchical clustering
analysis of these data is shown in Fig.5D and
demonstrates the high similarities between the
individual sample replicates as well as the
subcellular variations in polysome composition,
where the BrR-derived polysomes were the most
divergent, and the cytosol- and BrS-derived
polysomes the most similar. These data further
highlight the distinct biochemical composition of
the BrR ER-associated polysomes as detailed
below.

To focus on polysome-interacting proteins
enriched in the BrR, enrichment profiles were
determined where we examined the relative
partitioning of identified proteins in the total ER
(BrR + BrS) polysomes vs. enrichment in the BrR
polysomes (Fig.5E). Here we note that those
proteins that are highly enriched on the ER are
also highly enriched in the BrR polysome fraction
(upper right quadrant, Fig.5E). Conversely, the
BrS polysomes display proteins that are either not
ER-enriched (lower left quadrant, Fig.SE) or are
present in both BrS and BrR fractions. Thus, the
BrR polysomes possess more proteins that are
unique to the ER, whereas BrS polysomes are
more accurately described as generic — they are
representative of the median polysome protein
composition and translate a large fraction of the
transcriptome. Notably, the prominent protein
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cluster at 0.66 ER enrichment is predominately
ribosomal proteins, which are largely common to
both the ER-associated polysome fractions. In
comparing the BrR and BrS polysomes,
particularly striking differences were noted in the
enrichments of ER membrane proteins, exon-
junction complex (EJC) and nonsense-mediated
decay (NMD) components (Fig.5F), and these
findings are presented below.

In Fig.5F are listed selected categories of
polysome-associated proteins and their relative
subcellular distributions in the cytosolic- (C), BrS-,
and BrR-derived polysomes. ER resident
membrane proteins identified in this analysis
(Sec6la, Sec61p, and ribophorin I) are members
of the candidate ER-mRNA anchoring proteins
proposed above and previously identified as
members of the HeLa mRNA interactome or as
candidate HeLa RBPs (60). In addition, the
relative ER distributions identified in the Brij35
solubilization profile experiments (Fig.5B) were
closely mirrored in the polysome-interactome
analysis, with the two Sec61 subunits being
uniquely recovered in the BrR-derived polysome
fraction and ribophorin I being recovered in both
the BrS- and BrR-derived polysome fractions.
These data thus identify a subset of ER membrane
proteins that are selectively bound, directly or
indirectly, to the BrR-derived polysomes, and thus
represent candidate selective ER mRNA anchoring
proteins.

In the category ‘General Polysome’ the
fractional distributions of guanine nucleotide-
binding protein B2 (RACKI1), a prominent
ribosome-associated protein, poly(A) binding
protein 4 (PABP1), UPF1 (RENT1) and elF6 were
similar between the three polysome fractions, and
serve as internal validation of the quantitative
proteomic approach. For the category ‘Cytosol
Enriched’, we highlight two proteins, GAPDH,
which was recently identified as an mRNA
binding protein, and the nascent chain associated
complex (NAC), which participates in protein
folding and protein targeting to the ER. In the
category ‘ER-Enriched” we identified the core
exon junction complex component elF4AIIl as
highly enriched on ER-associated polysomes. The
remaining EJC core components Magoh, Y14, and
Barentz were not identified. As this analysis is
limited to polysome-recruited mRNAs, the
absence of Magoh, Y14, and Barentz may reflect
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the release of these factors upon translation and/or
EJC remodeling, as previously reported (84,85).
EJC interacting proteins with similar, ER-enriched
subcellular distributions included Pinin and
ACINU. That these proteins were identified on
translationally active polysomes is suggestive of
cytosolic functions complementary to their
established roles in nonsense-mediated decay;
such functions could include roles in mRNA
localization and/or anchoring to the ER. The
enrichment of EJC and splicing factors in the
HeLa BrR-derived polysome fraction did, however,
raise the concern of cross-contamination with
nuclear-derived mRNA-splicing complexes. To
determine if the BrR polysome fraction contained
nuclear-derived splicing complexes, we screened
for nuclear integrity/spliceosome release at each
stage of the cell fractionation procedure. We found
that the nuclear envelope integrity was disrupted at
the Brij35 solubilization stage, yielding release of
the nuclear proteins histone H3F3A, hnRNPAI,
and HuR into the BrS fraction (data not shown)
and indicating that passive contamination of the
BrR fraction by nuclear components was unlikely.
As well, Brij35 treatment yielded the release of U2
and U4 snRNAs, both of which were recovered in
the slow migrating region of a velocity
sedimentation experiment, separated from the
polysome fraction (data not shown). These data
provide additional support for the conclusion that
the subset of EJC/NMD proteins co-purifying with
the BrR polysomes are in fact polysome-
associated. Whether or not they participate in
mRNA anchoring to the ER is unknown; it is
equally plausible that they are associated with
newly exported mRNAs that undergo selective
translation on ER-associated ribosomes. In
summary, the results of the polysome-interactome
screen support a model where the ER-mRNA
transcriptome is comprised of populations of
functionally-related mRNAs bearing distinct RBP
‘fingerprints’ and which are anchored to the ER by
distinct mechanisms.

Of the candidate ER mRNA anchoring
proteins identified in the polysome-interactome
screen, both Sec6la and ribophorin I have been
previously reported to function as ribosome
receptors (81,86). Their identification in a
polysome-interactor proteomic screen could,
therefore, reflect ribosome- rather than mRNA-
binding, function (81,86). For this reason, a third
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independent experimental approach was developed.

Here, we again utilized canine pancreas RM as the
source of ER-associated polysomes, reasoning that
if the nuclear proteins identified in the HeLa
polysome interactome screen were derived from
cross-contamination, they would be largely absent
from the ER-associated mRNPs. To address the
question of mRNA versus rRNA binding activity,
purified RM-derived polysomes were adjusted to
10 mM EDTA to dissociate the ribosomal subunits
and their associated mRNAs (87) and the rRNA-
free poly(A) mRNPs purified by native affinity
chromatography on oligo-dT in the presence of 10
mM EDTA (Fig.8A). As an additional specificity
control, identical quantities of ER-derived
polysomes were digested with staphylococcal
nuclease prior to oligo-dT chromatography and the
nuclease-digested fraction processed in parallel. A
proteomic analysis was then conducted on the
fractions eluted in low salt/formamide buffers,

elution conditions selective for mRNA release (Fig.

&B).

The protein composition of the RNPs
purified by native oligo-dT chromatography was
determined by mass spectrometry of in-gel
digested gel fragments (1D SDS-
PAGE/LC/MS/MS). These results are summarized
in Fig.8B, with a full listing included in Table S3,
and are limited to those proteins that were
identified in at least two of three independent
experiments, absent from the staphylococcal
nuclease-treated controls, and whose identification
was determined at high accuracy (p < 0.05, peptide
count > 2). In total, 170 proteins were identified,
with 72 proteins meeting all criteria for selection.

As detailed in Table S3, 26 ribosomal
proteins were identified, including proteins of the
large and small ribosomal subunits. Of the 26
identified here, 18 were previously identified in
the HeLa mRNA interactome and thus are likely to
undergo direct interactions with poly(A) mRNAs
(60). When compared to the HeLa polysome-
interactome screen, this analysis yielded a
substantially higher number of RNA binding
proteins and translation factors, reflecting the
additional proteomic depth achieved by analyzing
ribosome-free mRNPs. As summarized in Fig.8B,
nearly all proteins identified as native poly(A)
mRNA interactors in the canine ER-associated
mRNP screen were also identified in the recent
HeLa mRNA interactome study of (60). That we
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were able to identify this diversity of RBPs under
native conditions demonstrates that these RBPs are
stably bound to their target mRNAs.

The native mRNA interactome of the ER-
associated poly(A) mRNA pool includes the
EJC/NMD factors eIF4AIll and UPF1, further
corroborating the identification of these proteins in
the ER-associated HeLa polysomes and providing
additional independent evidence that these
proteins can stably associate with ribosome-
engaged mRNAs. A substantial number of the
snRNP/SR/hnRNP proteins identified in our HeLa
polysome interactome screen and in the HeLla
mRNA interactome were also identified as
interactors in the canine RM-derived mRNP
analysis, and so it can also be concluded that these
proteins are present on translationally active, ER-
associated polysomes and likely have functions
extending beyond their roles in nonsense-mediated
decay.

In a complementary series of experiments,
RM were UV-irradiated to photocrosslink bound
mRNAs to their interacting protein partners and
the RM then solubilized in lithium SDS (Li-SDS).
UV-crosslinked mRNA-protein complexes were
purified by affinity chromatography on oligo-dT in
the presence of 0.5M LiCl and Li-SDS and mRNA
bound proteins selectively eluted by addition of
RNaseA/T1. The composition of this fraction was
interrogated by immunoblot analysis (Fig. 8C). Of
primary interest is the identification of Sec6la,
Sec61p, and ribophorin I as poly(A) mRNA-
associated ER membrane proteins. Importantly,
other ER membrane proteins identified as mRNA
binding proteins in prior screens, such as CKAP4
and LRC59, were not detected in the nuclease
eluate and thus may be mRNA-associated via
indirect interactions. With respect to Sec6la,
Sec61p, and ribophorin I, multiple, independent
lines of experimental evidence now contribute to
their identifications as mRNA binding proteins
and include, in addition to the data reported above,
UV and 4-thiouridine photocrosslinking, as
reported in the HeLa mRNA interactome (60);
selective enrichment on polysomes solubilized
from the Brij-resistant ER of HeLa cells; and
identification as native poly(A) mRNA binding
proteins of canine pancreas RM-derived mRNPs
(Fig.8B). In total, these data support a function for
the  Sec6l complex, subunits of the
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oligosaccharyltransferase complex, and to a lesser
degree, the translocon-associated protein complex,
in the direct anchoring of mRNAs to the ER. The
identification of p180 in the RM, but not HeLa-
derived fractions, is consistent with prior reports
that pl180 is highly expressed in terminally
differentiated ‘professional’ secretory cells but
only very weakly in HeLa cells, where it did not
meet statistical criteria for selection in the mRNA
interactome or as a candidate RNA binding protein
(60,76). Thus, we are unable to identify a role for
pl180 in the direct anchoring of endomembrane
protein-encoding mRNAs to the HeLa ER, though
a related function in terminally differentiated
secretory cells remains plausible.

Discussion:

Studies in diverse organisms have revealed an
extensive functional interplay between the
processes of mRNA localization, translation, and
decay and the endoplasmic reticulum (ER)
(19,88,89)). With recent genome-scale analyses
demonstrating a broad representation of the
mRNA transcriptome on the ER, there is now a
pressing need to understand how mRNAs are
selected, localized, and anchored to the ER. We
address the latter question here, focusing on the
mRNAs encoding the resident proteins of the
endomembrane system, an essential gene family
comprising over 500 genes and distinguished by a
direct, ribosome-independent mode of membrane
association (13,15). Here we provide evidence
that subunits of the Sec61 and
oligosaccharyltransferase complexes function as
ER-mRNA anchoring proteins.

In microsomes, endomembrane protein-
encoding mRNAs are distinguished from secretory
protein-encoding mRNAs by their capacity to
remain membrane associated following extraction
of bound ribosomes with high salt and/or EDTA
(13,15). This finding suggested a relatively simple
biochemical distinction in the two ER-mRNA
association mechanisms, where secretory protein-
encoding mRNAs are anchored via their
engagement on membrane bound ribosomes, and
endomembrane protein-encoding mRNAs engage
in direct binding interactions with components of
the ER. In semi-intact HeLa cells, this distinction
was recapitulated by sequential detergent
fractionation with detergents (Brij-family) that
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selectively solubilize the glycerolphospholipid but
not sphingolipid fraction of biological membranes.
Given the selective Brij-sensitivity of ER-mRNA
interactions, we thought it plausible that candidate
integral membrane mRNA anchoring proteins
would also display heterogeneous distributions in
the detergent induced ER membrane domains and
in studies with a subset of ER resident membrane
proteins this was confirmed. These observations,
coupled with UV-photocrosslinking studies
demonstrating a diverse population of integral
membrane RNA-interacting proteins, suggested a
model where mRNAs are selectively anchored via
interactions with membrane proteins. Quantitative
proteomic analysis of polyribsomes purified from
the cytosol, the Brij-sensitive, and the Brij-
resistant ER domains provided evidence for such a
model - polysomes from the Brij-resistant HelLa
ER were markedly enriched in mRNAs encoding
resident ER, Golgi and lysosomal proteins and
were uniquely associated with the core translocon
components Sec6la/B. These data supports a
model where the endomembrane resident protein-
encoding mRNAs are selectively and directly
anchored to resident proteins of the ER. In such a
model, core translocon components would
function as RNA organizing centers to enable a
spatial organization of gene expression on the ER,
a proposal consistent with the RNA operon model
(90,91).

At first glance, a role for translocon
components in selective mRNA anchoring to the
ER seems unlikely, as it implies a selective
function (mRNA anchoring) for proteins that
perform a general function (protein translocation).
However, the Sec61 and oligosaccharyl transferase
complexes exist in different hetero-oligomeric
states and are in stoichiometric excess to
translocation sites (92,93). It is thus reasonable to
consider that these essential proteins may be
multifunctional, where particular oligomeric forms
function in mRNA and/or ribosome binding to the
ER and other forms serve as the protein
translocation machinery.

A central question raised by these data is
why direct RNA anchoring appears to be selective
for the endomembrane protein-encoding mRNAs.
In one view, a cohort-selective mRNA binding
activity would provide a mechanism for coordinate
biogenesis of the endomembrane system and/or
‘biogenesis domains’ dedicated to pre-organelle

14

assembly, as has been proposed for peroxisome
biogenesis (reviewed in (59). Such a model may
be of particular relevance to the remarkable
enrichment of lysosomal resident protein-encoding
mRNAs in the Brij-resistant ER.

An additional question arising from this
study concerns the mechanism of ribosome
binding to the ER. Though a somewhat
contentious question, there is general agreement
that the Sec61 complex is the primary ER
ribosome receptor (81,94-96). A key observation
leading to this assignment was that in native
membranes, ribosome binding to Sec61 is highly
salt resistant (81). In the current study we found
that a substantial fraction of ER-bound polysomes
are released in the presence of 0.5M salt/Brij35,
that these polysomes are enriched in mRNAs
encoding cytosolic secretory cargo proteins, and in
contrast to polysomes engaged in the translation of
endomembrane protein-encoding mRNAs, the
solubilized polysomes did not contain detectable
quantities of Sec61 subunits. Such data imply that
ribosomes, in an mRNA-dependent manner, might
either bind to membrane receptors other then the
Sec61 complex, or alternatively, the ribosome-
Sec61 binding interaction might vary as a function
of the mRNA undergoing translation. Regardless,
these data suggest that further investigation into
the mechanism and diversity of ribosome
association with the ER is needed.

In summary, we demonstrate that the
mRNA infrastructure of the ER is complex, with
endomembrane protein-encoding mRNAs
undergoing selective association with components
of the translocon. The challenge ahead is to
determine the molecular mechanism(s) that enable
the selective association of the endomembrane
resident protein mRNAs with their ER resident
membrane protein-binding partners. Curiously,
although none of the interacting ER membrane
proteins that we identify display the canonical
RNA binding motifs identified in soluble RNA
binding proteins, they possess stretches of basic
residues in cytosolic-facing loops that could have
selective RNA binding activity.

Given the large number of mRNAs that
utilize a direct ER association mechanism, and the
established complexity of cis-encoded mRNA
localization signals in even the best characterized
mRNA localization examples (97), it seems
unlikely that a common ER localization ‘zip-code’
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would serve to direct mRNA localization to the
ER. Consistent with this view, ER localization
information has been demonstrated to reside in the
transmembrane domain-coding region of placental
alkaline phosphatase, and in the case of the yeast
membrane protein Pmpl, a repeating UG-rich
motif in the 3> UTR (17,22). Regardless of the
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apparent complexity, progress towards the
identification of the RNA binding motifs present
in these candidate RNA anchoring proteins and the
sequence/2-D structural motifs they recognize will
help identify the molecular organization of the
ER-mRNA infrastructure.
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Figure Legends:

Figure 1. Endoplasmic reticulum-associated mRNAs are partitioned between detergent-resistant
and detergent-sensitive membrane domains.

(A) Schematic of experimental design depicting a sequential detergent fractionation approach to the
analysis of ER-ribosome/mRNA interactions.

(B) 0.5M Tris, Brij35, or admixtures of Tris and Brij35, Brij58, Triton X-100, or CHAPSO were screened
for their capacity to solubilize mRNAs encoding GRP94 (GRP94; yellow) or 2-microglobulin (B2M;
blue).

(C) The distributions of mRNAs encoding B2M, vascular endothelial growth factor A (VEGF-A) and
thrombopoietin (THPO) (yellow bars), and the ER proteins GRP94, BiP and calreticulin (blue bars), in
the Brij35-sensitive fraction of HeLa cells was determined by qRT-PCR. Data depicted in panel B are an
average of three independent experiments and in Panel C, six independent experiments. Error bars
represent SEM.

(D) Polysomes from the Tris/Brij-sensitive (BrS) and the Tris/Brij-resistant (BrR) fractions were analyzed
by sucrose gradient velocity sedimentation in the absence and presence of EDTA.

(E) Translation activity of BrS and BrR polysomes; HeLa cells were labeled with [*’S]Met/Cys in the
presence or absence of cycloheximide, fractionated as in (D) and the ribosome-associated polypeptides in
the gradient fractions quantified by liquid scintillation counting of the TCA-precipitated proteins.

(F,G) The distributions of B2M (F) and GRP94 (G) mRNAs in BrS- and BrR-derived polysomes
fractions in the absence (solid lines) or presence (dotted lines) of EDTA.

(H,I) Rotary shadowing electron microscopy images of polysomes derived from the BrS (H) and BrR (I)
fractions. Bar = 100 nm.

Figure 2. Analysis of ER morphology and mRNA distributions in detergent-fractionated HeLa cells.

HeLa cell cultures were either untreated (Unfractionated), extracted with digitonin-supplemented cytosol
buffer (Post-Digitonin), sequentially extracted with digitonin-supplemented cytosol buffer followed by
Tris/Brij35 (Post-Brij), or the identical series followed by extraction with dodecylmaltoside-supplemented
buffers (Post-DDM).

(A) HeLa cells were fixed directly (Unfractionated), or following sequential detergent extraction, and
stained for B2ZM and GRP94 mRNAs. Z-stack images were acquired on a DeltaVision microscope and
deconvolved, maximum-intensity projected micrographs are depicted. Inset = normalized quantification
of RNA counts. Spot counting was performed using the Bitplane Imaris software and default threshold
settings. The total number of mRNAs/cell was determined for 10-45 cells and mean +/- SEM values are
depicted.

(B) Cells were biosynthetically labeled with ER tracker blue-white DPX and fractionated as described
above.

(C) Cells were fractionated as described above and stained for the ER lumenal protein GRP94.

(D) Cell cultures were biosynthetically labeled with BODIPY FL C5-ceramide and fractionated as
described above.

(E) Hela cell cultures were biosynthetically labeled with BODIPY FL C5-ceramide, followed by single
molecule fluorescence imaging of GRP94 and B2M mRNAs as described above.

Figure 3. cDNA microarray analysis of mRNA partitioning to the Brij35-resistant fraction of HeLa
ER.

(A,B) Mixture modeling of mRNA enrichments in the Brij-resistant fraction. In (A) the red line depicts a
normal distribution; in (B) the red line depicts a tailed, two-component distribution.

(C-D) (C) Depicted are the relative distributions of the three primary cohorts of mRNAs, those encoding
cytosolic proteins (Cytosolic), secretory pathway cargo proteins (Cargo) or endomembrane resident
proteins (Endo); (D) Cumulative gene density (CGD) distributions of the data presented in (C). Shown
are the three primary mRNA categories noted in (A) with the distributions of the six mRNAs analyzed in
Fig. 1C denoted, demonstrating the concordance between the qRT-PCR and cDNA microarray data sets.
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(E) CGD distributions of the components of the endomembrane resident gene category.

(F) CGD distribution of the mRNA cohort encoding soluble secretory (Cargo-Sec) and membrane
proteins (Cargo-Mem).

(G-J) analyses of gene distribution in the Brij35-resistant fraction as a function of encoded signal
sequence hydrophobicity (G), mRNA length (H), ribosome loading density (I) or enrichment on the ER
(J). Pearson’s correlation coefficients are included as insets for each analysis.

Figure 4. UV-crosslinking reveals RNA-binding endoplasmic reticulum membrane proteins.

(A) Schematic of experimental protocol for the identification of ER integral membrane RNA binding
proteins.

(B) Images of SDS-PAGE/Coomassie Blue-stained gels depicting the membrane protein enrichments
obtained by Triton X-114 or alkali extraction, with protein loadings as membrane equivalents (derived
from identical quantities of RM) or protein equivalents (identical quantities of total protein).

(C) Immunoblot analysis of ER lumenal proteins (GRP94, BiP) and ER membrane proteins (ribophorin I
(RPNI1), Sec61a, or TRAPa in the aqueous (AP) or detergent (DP) phases of the Triton X-114-extracted
RM, or the soluble (S) and membrane protein (P) fractions of alkali-extracted RM.

(D) Labeling of UV-irradiated ER membrane protein fractions via the [**P] pCp/T4 RNA ligase protocol
is ligase-dependent (lane 2) and reveals RNA binding ER membrane proteins common to Triton X-114
(lane 3) and alkali-extracted (lane 4) RM.

Figure 5. Quantitative ‘polysome interactor’ screen reveals compartmentalized polysome-
interacting protein distributions.

(A) Fractions were analyzed by immunoblot for the indicated candidate ER membrane RNA binding
proteins.

(B) Schematic of experimental design of polysome interactor screen: HeLa cells were fractionated to
yield cytosol, Bris-sensitive ER and Brij-resistant ER compartments. Polysome fractions were purified by
sucrose gradient velocity sedimentation and the heavy polysome fractions selected for quantitative
proteomic analysis.

(C) Protein abundance rank distribution plot demonstrating high similarities in the abundant proteins, and
divergent compositions of lower abundance proteins in the cytosol, BrS and BrR polysome fractions.

(D) Heat map of compositional divergence of cytosol and ER-derived polysomes. The heat map illustrates
the protein compositional similarities between the triplicate experimental datasets. The cytosol and Brij-
sensitive ER fractions were most similar, the Brij-resistant ER fraction the most divergent.

(E) Contour map of protein enrichment on the ER as a function of enrichment in the BrR ER, illustrating
that the BrR-resistant ER fraction is more uniquely representative of the ER.

(F) Tabulated data highlighting the primary features of the ‘polysome-interactor’ screen data. Included in
the figure are paired immunoblot analyses of protein distribution for a subset of the quantified proteins. A
full listing of all identified proteins and their quantitative fractional enrichments is provided as a
supplementary table.

Figure 6. Proteomic analysis of ER polysome-derived mRNPs identifies ER-mRNA interacting
proteins.

(A) Schematic illustration of experimental protocol. Rough microsomes were detergent solubilized, the
polysome fraction isolated by sucrose gradient velocity sedimentation, treated with EDTA to release
associated ribosomes, and the poly (A) mRNPs chromatographed on oligo-dT7 cellulose.

(B) partial listing of identified proteins at high confidence (p< 0.05), with paired comparisons to the HeLa
mRNA Interactome database as well as the HeLa ‘polysome interactor screen.’

(C) RM were subjected to UV photocrosslinking, the membranes solubilized in Li-SDS, and poly(A)
mRNAs purified by oligo-dT chromatography in Li-SDS. RNA-bound proteins were eluted by nuclease
digestion and the eluted fraction analyzed by immunoblot.
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Table 1. Characteristics of proxy secretory and endomembrane protein-encoding mRNAs and their
encoded proteins. Signal Properties: SS = signal sequence; TM = transmembrane domain; HS =
hydrophobicity score (average hydrophobicity score of the signal peptide calculated using Kyte-Doolittle
amino acid hydrophobicity scores).

mRNA Properties
(length in nt) Signal Properties*
Intracellular 5 3
Category | Gene Protein Product Location UTR CDS | UTR |SS | TM | HS
B2M [-2-microglobulin Secreted 60 360 | 567 | Yes | No | 1.581
Vascular endothelial
VEGFA | growth factor A Secreted 498 1239 | 1940 | Yes | No | 0.585
Cargo | THPO Thrombopoietin Secreted 215 1062 | 528 | Yes | No 1.5
GRP94/
HSP90 | Heat shock protein
Bl 90kDa ER lumen 105 2412 | 263 | Yes | No | 1.327
BiP/ Heat shock 70kDa
HSPAS | protein 5 ER lumen 261 1965 | 1747 | Yes | No | 1.384
Endo | CALR Calreticulin ER lumen 80 1254 | 595 | Yes | No | 2.089
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Table 2. Two-sample Kolmogorov-Smirnov (KS) test results for pairwise comparisons of mRNA cohorts,
calculated using the R statistical package. The distance statistic (D) indicates the population deviation and
the associated p-value the population deviation probability. Populations exhibiting significant differences
are indicated in bold font.

Population 1 Population 2 Distance (D) P-value
Cytosolic Cargo 0.5754 2.20E-16
Cytosolic Endo 0.674 2.20E-16

Cargo Endo 0.2824 2.20E-16
Endo ER 0.0856 5.79E-02
Endo Golgi 0.0474 9.19E-01
Endo Lyso 0.3375 4.27E-07
Cargo Mem 0.0369 9.11E-02
Cargo Sec 0.0905 3.05E-04
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Figure 1, Jagannathan et al.
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Figure 4, Jagannathan et al.
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Figure 6, Jagannathan et al.
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